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Office of Naval Research ONR One Liberty Center 11. SPONSOR / MONITOR'S REPORT 875 North Randolph St. We present a configuration for incoherently combining fiber lasers, which can be used for long-range directed energy applications. Unlike coherent beam combining approaches, incoherent combining does not require phase locking, the polarization of the lasers can be random, and the linewidths can be large. These relaxed requirements allow for the use of recently developed high-power (>2 kW/fiber), single mode, high quality (M 2 < 1.2) fiber lasers having relatively large linewidths (>1%). These high-power lasers cannot be used for coherent beam combining. The proposed incoherent combining configuration consists of a fiber laser array in which the beams diffract to a spot size of-4 cm onto individual collimating lenses. The collimated beams can be directed to a target many kilometers away by individual steering mirrors, which form the beam director. We present parameters for an incoherently combined laser system that can deliver 100 kW of CW power on a target area of 100 cm 2 at a range of 5 kin. The system has 49 fiber lasers and a beam director with transverse dimension 60 cm x 60 cm. This configuration is readily scalable to higher powers. [1] , vii) low cooling requirements, viii) low maintenance, ix) long life (diode life > 10,000 hrs), and x) low operating cost [2, 3] . The main cost limit for CW fiber laser power is the pump diodes.
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To achieve the power levels needed for DE applications (> 100 kW, CW), it is necessary to combine a large number of them for efficient propagation over distances of many kilometers (> 5 km). Fiber lasers can be combined spectrally [4] , coherently [5] [6] [7] [8] , or incoherently. In this paper we discuss some of the issues associated with coherent and incoherent beam combining and propose an incoherent beam combining configuration for long-range DE applications.
Coherent beam combining relies on constructive interference of many lasers to produce high intensities on a remote target. It requires precise phase locking of the fiber lasers, polarization matching, very narrow linewidths (3 2./2 < 10-6) and good optical beam quality. These requirements are difficult to achieve in practice and limit the individual fiber laser power to < 400W. The propagation efficiency for coherent combining is also limited by the filling factor of the fiber array, i.e., a low filling factor results in a significant amount of optical energy in lobes outside of the central lobe. To date, only a small number of fiber lasers have been coherently combined and at power levels far below that required for DE applications. The most recent experiments report that four fiber lasers were coherently combined to produce a total power of-470W [8] .
The state-of-the-art in single-mode, single-fiber lasers having a well-defined polarization is < 400 W [9] . Although spectral beam combining is not discussed here, it should be mentioned that recently three fiber lasers have been spectrally combined resulting in a single mode beam with M 2 _ 1.2 and a total power of 522W [10] . In the following Sections, we present examples of coherently and incoherently combined laser systems, both designed to deliver 100 kW of CW power on target. In
Section II we present an example of a coherently combined laser system and indicate some of the issues and limitations of this configuration. Section III presents an example of our proposed incoherent beam combining configuration and examines the effect of tilt errors on both, the coherent and incoherent, systems. Section IV addresses the effects of atmospheric turbulence on the propagation of the incoherently combined beams. Finally, we conclude with a discussion of a near term 20 kW long-range demonstration experiment and indicate that the configuration can be readily scaled to higher power (500 kW).
II. Coherent Beam Combining
Coherent beam combining uses an array of many phase-locked fibers to extend the diffraction length by increasing the effective spot size of the combined transmitted beam. Coherent beam combining requires that the phases and polarizations of the fiber lasers be matched [9, 11 ] .The effective diffraction length of the fiber array is In the following illustration of coherent beam combining, we simulate the propagation of 625 beams from a fiber array which delivers 100 kW of CW power to a 100 cm 2 area target at a distance of 5 km. We assume that each fiber laser has a power of 400 W and is perfectly phase and polarization matched. The total transmitted power is 250 kW and the propagation efficiency is q = 40%.
Each individual laser beam is assumed to be a collimated Gaussian (TEMoO) mode with a spot size of R 0 = 1 mm at the collimating lens. Note that the small spot size at the lens makes it difficult in practice to implement phase locking because of thermal deformation. The fibers are arranged in a square array with nearest neighbors separated by a distance of 2 Rc = 3.3 mm where Rc is the radius of the collimating lens. Figure 2 shows the transverse laser intensity profile as a function of propagation distance for the coherently combined array. Figure 2a shows the intensity at the beam director (z = 0). Figure 2b shows the interference pattern of the intensity in the near-field (z = 0.5km) which is defined by z << g a 2 /Z / 5km. Figure 2c shows the emergence of a central Gaussian lobe surrounded by side lobes. The side lobes represent higher order modes which have large diffraction angles and can contain a significant fraction of the total beam energy. In the far-field limit (Fig. 2d) , the side lobes are located far from the central lobe and the central lobe has diffracted such that its spot size is comparable to the target dimension. The dashed curve in Fig. 3 shows the spatial profile of the laser intensity in the target plane (L = 5 km). The solid curve in Fig. 3 Rarget at a range L is
J2
where a is related to the lens collecting efficiency, i.e., 77C = 1 -exp(-2a 2 ) = 94% for a = 1.2.
As an example we take the target to have a range of L = 5 km and a cross sectional area of Atarget = 100 cm 2 (Rtaget = 5.6 cm). The fiber laser wavelength is A = 1.075/.a, the CW power of each fiber is 2.5 kW, and the beam quality is M 2 = 1.1.
In this example the radius of the collimating lens is Rc = 4.8cm. Figure 6 shows the laser intensity profile at the source.
Each beam is given an initial linewidth of-1% and a random phase. The beams remain Gaussian as they propagate to the target. The intensity of each beam is given by .
I(r, z) = Io exp[-2r 2 / R 2 (z)]R' / R 2 (z). The total power on target for incoherent combining is
IV. Effects of Atmospheric Turbulence
In this section we address the effects of atmospheric turbulence on the incoherent beam combining configuration. Propagation through atmospheric turbulence results in spreading and wandering of the beam radius and fluctuations of the laser intensity on the target, i.e., scintillation. Turbulence is modeled by a Kolmogorov distribution with the strength of the turbulence characterized by the structure function parameter C,' [12] .
The spreading of the laser beam radius, averaged over times long compared to the clearing time, is given by the square root of the beam spreading variance, The atmospheric laser propagation code HELCAP is used to simulate the propagation of the laser beams from the fiber array of Fig. 6 to the target. HELCAP is a 3-dimensional, fully time-dependent, nonlinear atmospheric propagation code, the details of which are discussed in Ref. 1 . Atmospheric turbulence is modeled in the standard way using phase screens distributed along the propagation path which modify the phase of the laser beam [13] . The phase perturbations on each screen are characterized by a Kolmogorov spectrum with a strength parameter C'. In the simulations that follow, we use ten phase screens along the propagation path. Figure 9 shows the average intensity profile in the target plane for a case of no turbulence (Fig. 9a) , weak turbulence [12] , i.e., Cn = l0-'5 m 21 3 (Fig. 9b) , and moderate turbulence, i.e., Cn = 5 x 10-15 m 2 3 (Fig. 9c) for the fiber array example of Fig. 6 . Figure 10 shows the fractional power curves corresponding to the three cases shown in Fig. 9 . In the absence of turbulence, the propagation efficiency for a 100 cm 2 target at L 5km is -81%. For C, = 10-11 m-213 and 5 x 10-1' m-213, the propagation efficiency is -60% and -35%, respectively.
V. Discussion
We have presented a configuration for incoherently combining fiber lasers for long-range directed energy (DE) applications which can be implemented in the near-term with commercially available fiber lasers. Our configuration uses recently-developed, multi-kilowatt fiber lasers. These lasers, however, are not suitable for coherent beam combining because of their large linewidths and random phases. Coherent combining is limited to lower power fiber lasers and hence requires over an order of magnitude more fibers than the incoherent configuration. 
